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Outline

• SUSY who?    
• problems with SUSY models
• who is the SUSY dark matter?
• SUSY look-alikes 

• UED
• Little Higgs

• missing energy look-alikes at the LHC
• model-independent extraction of masses, charges, spins
• model discrimination around the moment of discovery
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SUSY who?

• Supersymmetry (SUSY) is a not a model
• It is a framework for an infinite number of models whose (only?) 

common feature is (broken) extended space-time symmetry
• SUSY is a “complete” framework, addressing everything from 

cosmology to unification to precision observables to LHC collisions
• “Anything discovered at the LHC will be called supersymmetry”

SUSY is only one of >=6 BSM frameworks
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BSM frameworks

• Terascale supersymmetry (SUSY)
• PNGB Higgs
• New strong dynamics
• Flat extra dimensions
• Warped extra dimensions*
• Hidden valleys

and probably more, plus hybrids of the above...
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J.L., arXiv:1005.1676

D. Morrissey, T. Plehn, T. Tait, arXiv:0912.3259

*See the review by H. Davoudiasl, S. Gopalakrishna, E. Ponton, J. Santiago, arXiv:0908.1968



SUSY who?

• Supersymmetry is a (possibly) unique physical extension of Poincare 
space-time symmetry

• But SUSY must be broken
• There are many possible breaking mechanisms
• And there are many possible mechanism to “mediate” SUSY breaking 

to the Standard Model particles
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SUSY who?

• Gravity mediation: SUSY breaking mediated by Planck-scale-
suppressed couplings

• Gauge mediation: SUSY breaking mediated by loops containing heavy 
“messenger” fields

• Bulk mediation: We live on a “brane” in a larger (“bulk”) extra 
dimensional space; SUSY is broken on a different brane

mSUGRA, anomaly mediation, stringy models,...
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A modern review: D. Chung, L. Everett, G. Kane, S. King, J.L., L-T Wang, hep-ph/0312378

gaugino mediation, radion mediation,...

minimal GMSB, metastable GMSB,...

Can also classify according to the particle content and/or how many independent SUSY 
breaking parameters appear in the Standard Model sector; 

MSSM, CMSSM, pMSSM, NMSSM, nMSSM...



problems with SUSY models

• Why is the Z mass so light?
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this is a “soft” problem, but affects all terascale SUSY models

string theory they are well motivated. The first must remain an assumption
until supersymmetry breaking is understood.

For the Higgs potential to actually have a minimum that breaks the
EW symmetry two conditions must be satisfied. The one relevant to us here is
the only equation that quantitatively relates some soft breaking masses at the
electroweak scale to a measured number (at tree level):

M2
Z

2
= −µ2(ew) +

m2
HD

(ew) − m2
HU

(ew) tan2 β

tan2 β − 1
(1)

where mHD
and mHU

are the soft masses for the Higgs doublets coupling to
down-type and up-type quarks, respectively, and µ is the effective µ parameter
that arises after supersymmetry breaking (we do not give it a separate name).
This tree level relation can, in turn, be written in the following way [1]

M2
Z =

∑

i

Cim
2
i (uv) +

∑

ij

Cijmi(uv)mj(uv) (2)

Here mi represents a generic parameter of the softly broken supersymmetric
Lagrangian at an initial high scale Λuv with mass dimension one, such as gaugino
masses, scalar masses, trilinear A-terms and the µ parameter.

The coefficients Ci and Cij depend on the scale Λuv and quantities such
as the top mass and tan β in a calculable way through solving the renormal-
ization group equations (RGEs) for the soft supersymmetry breaking terms.
For example, taking the running mass for the top quark at the Z-mass scale
to be mtop(MZ) = 170 GeV, the starting scale to be the grand-unified scale
Λuv = Λgut = 1.9 × 1016 GeV, and tanβ = 5 we have for the leading terms
in (2)

M2
Z = −1.8µ2(uv) + 5.9M2

3 (uv) − 0.4M2
2 (uv) − 1.2m2

HU
(uv)

+0.9m2
Q3

(uv) + 0.7m2
U3

(uv) − 0.6At(uv)M3(uv)

−0.1At(uv)M2(uv) + 0.2A2
t (uv) + 0.4M2(uv)M3(uv) + . . . (3)

where the ellipses in (3) indicate terms that are less important quantitatively
and for our purposes. In particular M3 and M2 are the SU(3) and SU(2)
soft gaugino masses, respectively, and At is the soft trilinear scalar coupling
involving the top squark. C3 and Cµ, being the largest coefficients, are those
which we will discuss in some detail below. We think equation (2), in a given
concrete manifestation such as (3), provides significant insight into high-scale
physics whose implications have not yet been fully explored.

Because this equation is the only one connecting supersymmetry break-
ing to measured data it was long ago realized that it was very important [2]-[10].
There is also a connection of supersymmetry to data through the apparent gauge
coupling unification. That depends on essentially the same physics as equa-
tion (2), requiring the first two of the three assumptions, but is more qualitative
and less able to tell us precise values for the soft parameters. It would be im-
portant if (2) could tell us quantitative information about M3 and µ. If M3 or

2
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problems with SUSY models

• The “mu problem”:  Why is the mass scale of the supersymmetric mu 
parameter related to the effective scale of SUSY breaking and of EWSB?
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this is a “soft” problem, but affects all terascale SUSY models
-- might be easier to solve in gravity mediation?

string theory they are well motivated. The first must remain an assumption
until supersymmetry breaking is understood.

For the Higgs potential to actually have a minimum that breaks the
EW symmetry two conditions must be satisfied. The one relevant to us here is
the only equation that quantitatively relates some soft breaking masses at the
electroweak scale to a measured number (at tree level):

M2
Z

2
= −µ2(ew) +

m2
HD

(ew) − m2
HU

(ew) tan2 β

tan2 β − 1
(1)

where mHD
and mHU

are the soft masses for the Higgs doublets coupling to
down-type and up-type quarks, respectively, and µ is the effective µ parameter
that arises after supersymmetry breaking (we do not give it a separate name).
This tree level relation can, in turn, be written in the following way [1]

M2
Z =

∑

i

Cim
2
i (uv) +

∑

ij

Cijmi(uv)mj(uv) (2)

Here mi represents a generic parameter of the softly broken supersymmetric
Lagrangian at an initial high scale Λuv with mass dimension one, such as gaugino
masses, scalar masses, trilinear A-terms and the µ parameter.

The coefficients Ci and Cij depend on the scale Λuv and quantities such
as the top mass and tan β in a calculable way through solving the renormal-
ization group equations (RGEs) for the soft supersymmetry breaking terms.
For example, taking the running mass for the top quark at the Z-mass scale
to be mtop(MZ) = 170 GeV, the starting scale to be the grand-unified scale
Λuv = Λgut = 1.9 × 1016 GeV, and tanβ = 5 we have for the leading terms
in (2)

M2
Z = −1.8µ2(uv) + 5.9M2

3 (uv) − 0.4M2
2 (uv) − 1.2m2

HU
(uv)

+0.9m2
Q3

(uv) + 0.7m2
U3

(uv) − 0.6At(uv)M3(uv)

−0.1At(uv)M2(uv) + 0.2A2
t (uv) + 0.4M2(uv)M3(uv) + . . . (3)

where the ellipses in (3) indicate terms that are less important quantitatively
and for our purposes. In particular M3 and M2 are the SU(3) and SU(2)
soft gaugino masses, respectively, and At is the soft trilinear scalar coupling
involving the top squark. C3 and Cµ, being the largest coefficients, are those
which we will discuss in some detail below. We think equation (2), in a given
concrete manifestation such as (3), provides significant insight into high-scale
physics whose implications have not yet been fully explored.

Because this equation is the only one connecting supersymmetry break-
ing to measured data it was long ago realized that it was very important [2]-[10].
There is also a connection of supersymmetry to data through the apparent gauge
coupling unification. That depends on essentially the same physics as equa-
tion (2), requiring the first two of the three assumptions, but is more qualitative
and less able to tell us precise values for the soft parameters. It would be im-
portant if (2) could tell us quantitative information about M3 and µ. If M3 or
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with i = 1, 2, 3 denoting the three families. So the MSSM superpotential, in the approximation
that only third-family Yukawa couplings are included, is:

W = µHuHd + ytHuq3u3 − ybHdq3d3 − yτHd!3e3. (2.3)

It is well-known that gauge coupling unification is maintained if the new fields taken together

transform as complete SU(5) multiplets. However, this is not a necessary condition. There are
three types of models that can successfully maintain perturbative gauge coupling unification with
the masses of new extra chiral supermultiplets at the TeV scale.

First, there is a model to be called the “LND model” in this paper, consisting of chiral super-
multiplets L,L,N,N,D,D, with a superpotential

W = MLLL + MNNN + MDDD + kNHuLN − hNHdLN. (2.4)

Here L,L play the role of Φ,Φ and N,N the role of φ,φ in eqs. (1.1)-(1.6). In most of the following,
I will consider only the case that the multiplicity of each of these fields is 1, although 1, 2, or 3 copies

of each would be consistent with perturbative gauge coupling unification. These fields consist of a
5+5 of SU(5), plus a pair† of singlet fields. The non-MSSM mass eigenstate fermions consist of a
charged lepton τ ′, a pair of neutral fermions ν ′

1,2, and a charge −1/3 quark b′. Their superpartners

are complex scalars τ̃ ′
1,2, ν̃ ′

1,2,3,4, and b̃′1,2. The primes are used to distinguish these states from
those of the usual MSSM that have the same charges.

Second, one has a model consisting of a 10+10 of SU(5), to be called the “QUE model” below,

consisting of fields Q,Q,U,U,E,E with a superpotential

W = MQQQ + MUUU + MEEE + kUHuQU − hUHdQU. (2.5)

The non-MSSM particles in this case consist of charge +2/3 quarks t′1,2, a charge −1/3 quark b′,

and a charged lepton τ ′, and their scalar partners t̃′1,2,3,4, b̃′1,2 and τ̃ ′
1,2.

Third, one has a “QDEE model” consisting of fields Q,Q,D,D,Ei, Ei (i = 1, 2) with a super-

potential

W = MQQQ + MUDD + MEi
EiEi + kDHuQD − hDHdQD. (2.6)

Although this particle content does not happen to contain complete multiplets of SU(5), it still

gives perturbative gauge coupling unification. The non-MSSM particles in this model consist of
charge −1/3 quarks b′1,2, a charge +2/3 quark t′, and two charged leptons τ ′

1,2, and their scalar

partners b̃′1,2,3,4, t̃′1,2 and τ̃ ′
1,2,3,4.

The field and particle content of these three models is summarized in Table I.
In reference [24], it is suggested that a model with extra chiral supermultiplets in 5+5+10+10

of SU(5), or equivalently (if a pair of singlets is added) 16 + 16 of SO(10), will also result in

† Here I choose the minimal model of this type that includes Yukawa couplings of the kind mentioned in the
Introduction while not violating lepton number. It is also possible to identify the fields N and N , since they are
gauge singlets, or to eliminate them (and their Yukawa couplings) entirely.



problems with SUSY models

• The “flavor problem”:  Why doesnʼt SUSY breaking introduce new large 
sources of flavor (and CP) violation, detectable at your favorite B factory 
etc?

• But perhaps we are starting to see some SUSY flavor violation...

• See the next talk by M. Neubert
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this is a “soft” problem, but affects most terascale SUSY models
-- naturally explained in gauge mediation



problems with SUSY models

• Why is the Higgs so heavy?

• For SUSY models with minimal Higgs sectors, the Higgs “should 
have been” discovered at LEP

• Much recent activity on SUSY models with nonminimal Higgs 
sectors, such that either

• The SM-like SUSY Higgs boson gets heavier, or

• The SM-like SUSY Higgs boson is hidden from LEP

11

worrisome, but not a generic problem of terascale SUSY models

R. Dermisek and J. Gunion, arXiv:0705.4387, arXiv:0911.2460, arXiv:1002.1971



SUSY models with extra stuff
• For example, one way to increase the Higgs mass in SUSY without 

causing other problems is to introduce new heavy vectorlike matter:
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doesnʼt have to spoil gauge 
coupling unification

2

I. INTRODUCTION

The Minimal Supersymmetric Standard Model [1] (MSSM) predicts that the lightest neutral
Higgs boson, h0, has a mass that can only exceed that of the Z0 boson by virtue of radiative correc-
tions. If the superpartners are not too heavy, then it becomes a challenge to evade the constraints

on h0 set by CERN LEPII e+e− collider searches. On the other hand, larger superpartner masses
tend to require some tuning in order to accommodate the electroweak symmetry breaking scale.
In recent years this has motivated an exploration of models that extend the MSSM and can raise

the prediction for mh0.
In the MSSM, the largest radiative corrections to mh0 come from loop diagrams involving top

quarks and squarks, and are proportional to the fourth power of the top Yukawa coupling. This
suggests that one can further raise the Higgs mass by introducing new heavy supermultiplets
with associated large Yukawa couplings. In recent years there has been renewed interest [2–20]

in the possibility of a fourth family of quarks and leptons, which can be reconciled with precision
electroweak constraints with or without supersymmetry. However, within the context of super-
symmetry, if the new heavy supermultiplets are chiral (e.g. a sequential fourth family), then in

order to evade discovery at the Fermilab Tevatron pp̄ collider the Yukawa couplings would have to
be so large that perturbation theory would break down not far above the electroweak scale. This

would negate the success of apparent gauge coupling unification in the MSSM. Furthermore, the
corrections to precision electroweak physics would rule out such models without some fine tuning.

These problems can be avoided if the extra supermultiplets are instead vector-like, as proposed

in [21–24]. If the scalar members of the new supermultiplets are heavier than the fermions, then
there is a positive correction to mh0. As I will show below, the corrections to precision electroweak

parameters decouple fast enough to render them benign.
To illustrate the general structure of such models, suppose that the new left-handed chiral

supermultiplets include an SU(2)L doublet Φ with weak hypercharge Y and an SU(2)L singlet φ

with weak hypercharge −Y − 1/2, and Φ and φ with the opposite gauge quantum numbers. The
fields Φ and φ transform as the same representation of SU(3)C (either a singlet, a fundamental, or
an anti-fundamental), and Φ and φ transform appropriately as the opposite. The superpotential

allows the terms:

W = MΦΦΦ + Mφφφ + kHuΦφ − hHdΦφ, (1.1)

where MΦ and Mφ are vector-like (gauge-singlet) masses, and k and h are Yukawa couplings to the
weak hypercharge +1/2 and −1/2 MSSM Higgs fields Hu and Hd, respectively. In the following,
I will consistently use the letter k for Yukawa couplings of new fields to Hu, and h for couplings

to Hd. Products of weak isospin doublet fields implicitly have their SU(2)L indices contracted
with an antisymmetric tensor ε12 = −ε21 = 1, with the first component of every doublet having
weak isospin T3 = 1/2 and the second T3 = −1/2. So, for example, ΦΦ = Φ1Φ2 − Φ2Φ1, with the

components Φ1, Φ2, Φ1, and Φ2 having electric charges Y +1/2, Y −1/2, −Y +1/2, and −Y −1/2
respectively.

The scalar members of the new chiral supermultiplets participate in soft supersymmetry break-
ing Lagrangian terms:

−Lsoft =
(

bΦΦΦ + bφφφ + akHuΦφ − ahHdΦφ
)

+ c.c. + m2
Φ|Φ|2 + m2

φ|φ|
2, (1.2)
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FIG. 1: Gauge coupling unification in the MSSM,
LND and QUE models. The running is performed
with 3-loop beta functions, with all particles be-
yond the Standard Model taken to decouple at Q =
600 GeV, and mt = 173.1 GeV with tanβ = 10.
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FIG. 2: Renormalization group trajectories near the fixed point for kN in the LND model (left panel) and kU

in the QUE model (right panel), showing the infrared-stable quasi-fixed point behaviors. Here mt = 173.1
GeV and tanβ = 10 are assumed.

a small amount that can be reasonably ascribed to threshold corrections of whatever new physics
occurs at Munif .

The largest corrections to mh0 are obtained when the new Yukawa couplings of the type kN ,
kU , or kD are as large as possible in the LND, QUE, and QDEE models respectively. These new

Yukawa couplings have infrared quasi-fixed point behavior, which limits how large they can be at
the TeV scale while staying consistent with perturbative unification. This is illustrated in Figure
2, which shows the renormalization group running‡ of the kN coupling in the LND model and kU

in the QUE model. The running of kD in the QDEE model is very similar to the latter (and so

‡ In this paper, I use 3-loop beta functions for the gauge couplings and gaugino masses, and 2-loop beta functions
for the Yukawa couplings, soft scalar trilinear couplings, and soft scalar squared masses. These can be obtained
quite straightforwardly from the general results listed in [25–27], and so are not given explicitly here.
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FIG. 9: Corrections to electroweak precision observ-
ables S, T from the LND model at the fixed point
(kN , hN ) = (0.765, 0), for varying ML = MN =
mτ ′ > 100 GeV, in the limit of heavy scalar super-
partners. The seven dots on the line segment corre-
spond to mτ ′ = 100, 120, 150, 200, 250, 400 GeV and
∞, from top to bottom. The experimental best fit is
shown as the × at (∆S, ∆T ) = (0.057, 0.080). Also
shown are the 68% and 95% CL ellipses, obtained
as described in the text. The point ∆S = ∆T = 0
is defined to be the Standard Model prediction for
mt = 173.1 GeV and mh0 = 115 GeV.
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If h = 0, then the results of eqs. (4.10), (4.11) from the fermions become, numerically:

∆T = 0.54Nc k4 sin4(β)

(

100 GeV

MF

)2

, (4.12)

∆S = 0.13Nc k2 sin2(β)

(

100 GeV

MF

)2

. (4.13)

These rough formulas show that it is not too hard to obtain agreement with the precision elec-
troweak data, provided that MF is not too small, but it should be noted that especially for light

new fermions with mass of order 100 GeV, the expansion in large MF is not very accurate, with
eqs. (4.12) and (4.13) overestimating the actual corrections.

A more precise evaluation, using the formulas of Appendix A, is shown in figures 9 and 10,

which compares the experimental best fit and 68% and 95% CL ellipses to the predictions from
the models. Note that in these figures I do not include the contributions from the ordinary MSSM

superpartners, which are typically not very large and which become small quadratically with large
soft supersymmetry breaking masses. Figure 9 shows the corrections for the LND model at the
Yukawa coupling fixed point (kN , hN ) = (0.765, 0), for varying MN = ML = mτ ′ > 100 GeV as a

line segment with dots at mτ ′ = 100, 120, 150, 200, 250, 400 GeV and ∞. These contributions are
due to the fermions ν ′

1,2, τ
′, with their scalar superpartners assumed heavy enough to decouple.

Note that in the LND model b′ and b̃′1,2 do not contribute to S, T as defined above, since they

do not have Yukawa couplings to the Higgs sector. Figure 9 shows that even for mτ ′ as small as
100 GeV, the S and T parameters remain within the 68% CL ellipse, and can even give a slightly

better fit to the experimental results provided that mτ ′ ∼> 120 GeV. If the Yukawa coupling kN is
less than the fixed point value, or if ML < MN , then the corrections to S and T are smaller, for a
given mτ ′ .

Figure 10 shows the corrections for the QUE model at the Yukawa coupling fixed point
(kU , hU ) = (1.050, 0), for varying MU = MQ = mb′ as a line segment with dots at mt′

1
=

275, 300, 350, 400, 500, 700, 1000 GeV and ∞. [For a comparison to the approximate formulas (4.12)

and (4.13), the appropriate values are MF = mb′ ≈ 355, 381, 432, 483, 584, 786, 1088 GeV and
∞, respectively.] Here, I have included the contributions from the scalar states t̃1,2,3,4 and b̃1,2,

doesnʼt conflict with precision 
electroweak data

S. Martin, arXiv:0910.2732



new heavy fermions at LHC

• the Tevatron sensitivity falls off a cliff for masses above ~300 GeV
• LHC cross sections at 7 TeV could be > 1 pb

13

SUSY “add-ons” could also be the first things discovered
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FIG. 11: Production cross-section for new
quarks as a function of the mass, for the Teva-
tron pp̄ collisions at

√
s = 1.96 TeV, and for

the LHC pp collisions with
√

s = 7, 10, 12,
and 14 TeV. The graph was made at lead-
ing order using CTEQ5LO parton distribu-
tion functions [53] with Q = mq′ and apply-
ing a K factor of 1.5 for LHC and 1.25 for
Tevatron.
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that in the models under study here, there is no reason that the flavor-violating charged current
couplings should be large enough to enable a viable signal from single q′ production in association

with a Standard Model fermion through t-channel W exchange, unlike in other model contexts as
studied in refs. [59–65].) The branching ratios and possible signals for the LND, QUE, and QDEE
models are examined below.

A. The LND model

In the LND model, the fermions consist of a b′, τ ′, and two neutral fermions ν ′
1 and ν ′

2. The ν ′
1

is always lighter than the τ ′. The fermions b′ and ν ′
1 can therefore decay only through their mixing

with the Standard Model fermions from the superpotential

W = −εDHdq3D + εNHu$3N − εEHdLe3, (5.1)

where εD, εN , and εE are new Yukawa couplings that are assumed here to be small enough to
provide mass mixings that can be treated as perturbations compared to the other entries in the

mass matrices.
First consider the decays of b′. The mass matrix for the down-type quarks resulting from

eqs. (2.3), (2.4), and (5.1) is:

Md =









MD 0

εDvd ybvd









, (5.2)

with eigenstates b and b′. The b′ decay can take place only through the εD coupling, to final states
Wt, Zb, and h0b. Formulas for these decay widths are given in Appendix B. To leading order, the

branching ratios only depend on the mass of the b′, and the results are graphed in Figure 12. Note
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FIG. 12: The branching ratios of the lightest new quark b′ (left panel) and the lightest new lepton ν′
1 (right

panel) in the LND model. The ν′
1 results assume that εN ! εE; if instead εE ! εN then BR(ν′

1 → W τ) = 1
(not shown).

that in the limit of large mb′ , the branching ratios are “democratic” between charged and neutral

currents, approaching 0.5, 0.25, and 0.25 for Wt, Zb, and h0b respectively, in accord with the
Goldstone boson equivalence theorem. However, for smaller masses, kinematic suppression reduces
the Wt branching ratio, so that, for example, the three final states have comparable branching

ratios for mb′ in the vicinity of 300 to 400 GeV.
The LHC signals include pp → b′1b̄

′
1 → W+W−tt̄ → W+W−W+W−bb̄. When two same-charge

W ’s decay leptonically and the other two W ’s decay hadronically, this leads to a same-charge
dilepton plus multi-jets (including two b jets) plus missing transverse energy signal, with a total
branching ratio as high as 25%. This signal is also the basis for the current Tevatron bound

mb′ > 325 GeV, but this assumes BR(b′ → Wt) = 100%; since the actual branching ratio predicted
by the LND model for that mass range is more than a factor of 3 smaller, the model prediction
for the signal in the channel that was searched is more than an order of magnitude smaller, and

decreases sharply for lower mb′
1
. In over half of the other b′1b̄

′
1 production events, there will be four

or more b jets, coming mostly from events with h0b → bbb̄ decays but also from Zb → bbb̄. The

Tevatron limit [44] of mb′ > 268 GeV from assuming BR(b′ → Zb) = 100% is in a mass range where
the actual branching ratio is about 0.55, so the actual predicted signal from the LND model is
more than a factor of 3 smaller. The limit of mb′ > 295 GeV from [45], a search which is motivated

in part by [66, 67], is based on the idealized large mass limit “democratic” branching, but in the
relevant mass range the model prediction has BR(b′ → Wt) more than a factor of 2 smaller, and

decreasing very rapidly for smaller mb′ , due to the kinematic suppression. The neutral current
decays, including Z → $+$−, could also play an important role at the LHC, see for example [58]
for a similar case.

The decay of ν ′
1 in the LND model is dependent on two different mixing Yukawa couplings

εN and εE. The mass matrix for the neutral leptons in the (L,N, $3, L,N) basis resulting from

S. Martin, arXiv:0910.2732



new heavy fermions at LHC

• or perhaps your SUSY extension has a 500 GeV RH neutrino 
and a 1.5 TeV W_R

14

Predictions of the Model LHC Signatures

LHC signatures

TeV scale heavy RH neutrinos =⇒ can be produced on shell at hadron colliders.

Pseudo-Dirac fermions (with small Majorana component), unlike in type I case (purely
Majorana).

The “smoking gun” LHC signature for type-I and III scenarios, pp → l±α l±β +jets (LNV), will

be suppressed in this case.

Instead, one can expect to get observable LNC (but LFV) effects in channels with small SM
background.

Most distinctive signature is the trilepton event pp → l±α l±β l∓γ ν(ν)+jets.
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events in this analysis are also triggered by single lep-
tons with an efficiency of 97%.

4. Conclusions

Dilepton-jet based final states have been discussed
in both electron and muon channels. Discovery po-
tential for leptoquarks and LRSM with early LHC
data have been investigated with the predicted cross-
sections for these models. Assuming a β = 1, both 1st
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Figure 6: LRSM analysis. The distributions of ST (top)
and M(##) (bottom) for signals and backgrounds normal-
ized to 100pb−1 of integrated pp luminosity after baseline
selection in the dimuon analysis.

and 2nd generations leptoquarks could be discovered
with masses up to 550 GeV with 100 pb−1 of data.
Two LRSM mass points LRSM 18 3 and LRSM 15 5
for the WR bosons and heavy Majorana neutrinos
have been studied. The discovery of these new parti-
cles with such masses would require integrated lumi-
nosities of 150 pb−1and 40 pb−1, respectively.

B. Dev, R. Mohapatra, arXiv:0910.3924, arXiv:1003.6102



who is the SUSY dark matter?

• Most SUSY models assume (by fiat) an exactly conserved R-parity

• Then the lightest superpartner (LSP) is stable, and could be dark matter

• At the LHC, we also care about who is the NLSP

• And perhaps R-parity is not exactly conserved or more complicated...

15

K. Agashe, D. Kim, M. Toharia, D.G.E. Walker, arXiv:1003.0899



who is the SUSY dark matter?
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Many viable LSP dark matter candidates:

•   spin 1/2 Majorana bino-like neutralino
•   wino-like neutralino.
•   higgsino-like neutralino
•   spin 3/2 gravitino (with some work)
•   spin 0 sneutrino (with more work)
•   spin 1/2 singlino
•   spin 1/2 axino

Even assuming SUSY is right, a complicated story to sort out!!



who is the SUSY dark matter?
But “everybody knows” that the dark matter is a bino-like neutralino!?

17

Letʼs scan the 19 parameter pMSSM, a reasonably general parameterization of 
SM sector + superpartners with minimal particle content:

H. Baer, A. Box, H. Summy, arXiv:10052215
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Figure 1: Thermal abundance of neutralino cold dark matter from a linear scan over the SUGRA-
19 parameter space. We plot versus the neutralino mass. Models with mainly bino, wino, higgsino
or a mixture are indicated by the various color and symbol choices.

abundance via co-annihilation, the LSP-NLSP mass gap must be tuned to just the right

value. To obtain the required relic abundance via resonance annihilation, the LSP mass

must be adjusted to be close to half the mass of the resonance. These co-annihilation and

resonance annihilation points are quite hard, but not impossible, to generate using our

random scan over GUT scale parameters.

The higgsino-like and wino-like CDM bands also show up as distinct lines, typically

with Ωχ̃0
1
h2 too low by 1-2 orders of magnitude unlessmχ̃0

1

>∼ 800−1200 GeV. The wino-like

band is relatively well-populated, as this just requiresM2 to be the lightest of the gaugino

masses at the weak scale. The higgsino-like band is relatively less populated, showing

that higgsino-like CDM is rather fine-tuned if one starts with GUT scale parameters, as

mentioned in Sec. 1. The points with the lowest population are those with mixed bino-

higgsino-wino CDM. These “well-tempered neutralino[31]” points most naturally tend to

populate the Ωχ̃0
1
h2 ∼ 0.1 line, but they do require a fine-tuning to avoid a bino, wino

or higgsino dominance. Especially at low mχ̃0
1
, relatively few solutions are found with

Ωχ̃0
1
h2 ∼ 0.1.

To apprehend more clearly the dark matter probability distribution after our linear

scan of SUGRA-19 parameter space, we project the model points listed in Fig. 1 as a

histogram onto the Ωχ̃0
1
h2 axis in Fig. 2a). Here we see the most probable value of Ωbinoh2

is ∼ 10 − 100 for bino-like dark matter (blue histogram), while the most probable value

for wino-like dark matter is Ωwinoh2 ∼ 0.005 − 0.05. The dip between these two cases

is partially filled in by cases of bino, higgsino or wino, or a mixture, with the minimum

probability lying around Ωχ̃0
1
h2 ∼ 0.2− 0.4, i.e. just above the measured value.

– 5 –

J. Gainer, J. Hewett, T. Rizzo, arXiv:0812.0980



who is the SUSY dark matter?
But “everybody knows” that the dark matter is a bino-like neutralino!?
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IF YOU ASSUME that DM is a single thermal relic of a conventional radiation-
dominated early cosmology, then you want to be on the green dashed line

H. Baer, A. Box, H. Summy, arXiv:10052215
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value. To obtain the required relic abundance via resonance annihilation, the LSP mass

must be adjusted to be close to half the mass of the resonance. These co-annihilation and

resonance annihilation points are quite hard, but not impossible, to generate using our
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with Ωχ̃0
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h2 too low by 1-2 orders of magnitude unlessmχ̃0

1

>∼ 800−1200 GeV. The wino-like

band is relatively well-populated, as this just requiresM2 to be the lightest of the gaugino

masses at the weak scale. The higgsino-like band is relatively less populated, showing

that higgsino-like CDM is rather fine-tuned if one starts with GUT scale parameters, as

mentioned in Sec. 1. The points with the lowest population are those with mixed bino-

higgsino-wino CDM. These “well-tempered neutralino[31]” points most naturally tend to

populate the Ωχ̃0
1
h2 ∼ 0.1 line, but they do require a fine-tuning to avoid a bino, wino

or higgsino dominance. Especially at low mχ̃0
1
, relatively few solutions are found with

Ωχ̃0
1
h2 ∼ 0.1.

To apprehend more clearly the dark matter probability distribution after our linear

scan of SUGRA-19 parameter space, we project the model points listed in Fig. 1 as a

histogram onto the Ωχ̃0
1
h2 axis in Fig. 2a). Here we see the most probable value of Ωbinoh2

is ∼ 10 − 100 for bino-like dark matter (blue histogram), while the most probable value

for wino-like dark matter is Ωwinoh2 ∼ 0.005 − 0.05. The dip between these two cases

is partially filled in by cases of bino, higgsino or wino, or a mixture, with the minimum

probability lying around Ωχ̃0
1
h2 ∼ 0.2− 0.4, i.e. just above the measured value.
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who is the SUSY dark matter?
• So perhaps the LSP is a very heavy bino-like neutralino
• Or a tuned mixture of bino-wino-higgsino-like neutralino
• Or some other superpartner, 
• Or it isnʼt a thermal relic
• Or the cosmological history is more complicated,
• Or there are several dark matter particles...
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random scan over GUT scale parameters.
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band is relatively well-populated, as this just requiresM2 to be the lightest of the gaugino

masses at the weak scale. The higgsino-like band is relatively less populated, showing

that higgsino-like CDM is rather fine-tuned if one starts with GUT scale parameters, as

mentioned in Sec. 1. The points with the lowest population are those with mixed bino-

higgsino-wino CDM. These “well-tempered neutralino[31]” points most naturally tend to

populate the Ωχ̃0
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h2 ∼ 0.1 line, but they do require a fine-tuning to avoid a bino, wino

or higgsino dominance. Especially at low mχ̃0
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, relatively few solutions are found with

Ωχ̃0
1
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To apprehend more clearly the dark matter probability distribution after our linear

scan of SUGRA-19 parameter space, we project the model points listed in Fig. 1 as a

histogram onto the Ωχ̃0
1
h2 axis in Fig. 2a). Here we see the most probable value of Ωbinoh2

is ∼ 10 − 100 for bino-like dark matter (blue histogram), while the most probable value

for wino-like dark matter is Ωwinoh2 ∼ 0.005 − 0.05. The dip between these two cases

is partially filled in by cases of bino, higgsino or wino, or a mixture, with the minimum

probability lying around Ωχ̃0
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who is the SUSY dark matter?
Is there any reason to expect that the dark 
matter sector is less complicated than the 
visible matter sector?

20

• Perhaps the dark sector has more than on 
stable component

• This might help to reconcile e.g. SUSY with 
direct and indirect DM detection “signals” 
from DAMA, COGENT, PAMELA, and 
constraints from CDMS, XENON, FERMI, etc

D. Feldman, Z. liu, P. Nath, G. Peim, arXiv:1004.0649



who is the SUSY dark matter?
Is there any reason to expect that the dark 
matter sector is less complicated than the 
visible matter sector?
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• Perhaps the dark sector has more than on 
stable component

• This might help to reconcile e.g. SUSY with 
direct and indirect DM detection “signals” 
from DAMA, COGENT, PAMELA, and 
constraints from CDMS, XENON, FERMI, etc

• Simple MSSM extension: an extra U(1) charge, fermions and scalars charged 
under this, only weakly coupled to SM matter, and at least one is stable

• So perhaps SUSY gives a stable neutralino AND a stable exotic

• Or e.g. if                                       , then you get 4 different stable DM components: 
a Dirac fermion, a Majorana fermion, and two scalars.

small spin independent cross sections in direct detection experiments. For this reason this

class of models is less preferred compared to the two component model.

Four component dark matter: Majorana, Dirac, and two spin 0 particles: Finally

we consider the case when either of the following two situations occur: (i) Mχ > Mψ, mφ <

Mχ < Mψ +mφ, (ii) Mχ < mφ < Mχ +Mψ. In these cases all four particles, one Majorana,

one Dirac, and two spin 0 particles are stable and thus are possible dark matter candidates.

These particles will annihilate to the SM particles as in Eq.(13), Eq.(14) and for φ and φ′

via processes in the three component dark matter model as described above. This model is

in many ways similar to the two component model and like the two component model this

model too should lead to detectable signals in experiments for the direct detection of dark

matter.

2.2 Multicomponent Leptophilic U(1)X × U(1)C Model

We discuss now another model which contains two additional Abelian vector bosons where

one of the extra bosons is leptophilic. Leptophilic Z ′s have a long history [26] and have been

re-visited [27] over the recent past in the context of dark matter. Here we will consider a

U(1)X × U(1)C model where the U(1)X as before is in the hidden sector, and U(1)C is a

leptophilic symmetry. As in the U(1)X model we also assume that the hidden sector has

a pair of Dirac fermions ψ and ψ̄ which are charged under U(1)X but are neutral under

the Standard Model gauge group and under U(1)C . Regarding U(1)C we assume it to be

Le−Lµ, i.e., a difference of family-lepton numbers, which is anomaly free, and can be gauged.

The corresponding gauge field Cµ couples only to e, µ families and nothing else. The total

Lagrangian in this case is

L = LMSSM + LU(1)2 + LSt, (15)

where LU(1)2 is the kinetic energy for the X and C multiplets and for LSt we assume the

following form

LSt =

∫

d2θd2θ̄ (M1C +M ′
2X +M ′

3B + S + S̄)2

+

∫

d2θd2θ̄ (M ′
1C +M2X +M ′′

3B + S ′ + S̄ ′)2, (16)

8

D. Feldman, Z. liu, P. Nath, G. Peim, arXiv:1004.0649

See also J. Fan, J. Thaler, L-T Wang, arXiv:1004.0008



who is the SUSY dark matter?
At the LHC, we also care about who is the NLSP.
Might be long-lived (see Robin Erbacherʼs talk), or might have invisible decay

22

• sneutrino NLSP with, e.g. gravitino 
LSP can occur in gauge mediation 
and other SUSY models

• canʼt see the NLSP decay

• so you can be fooled as to who is 
your SUSY dark matter

• however this scenario is very 
leptophilic, so you will have lots of 
clean experimental handles to 
figure out the model

ẽ−R ẽ−R
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ẽR
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C. Right-Handed Sleptons: Flavor Non-Universal Decays from Left-Right Mixing

A more complete treatment of the decays of RH sleptons includes modes induced by left-

right mixing. Naively, these are only important for staus, but we will show below that one

can easily find spectra where they are also important for smuons. This can lead to highly

flavor non-universal signals with respect to electrons and muons.

To start, we assume that any effects from flavor violation in the soft terms are completely

absent. At the input scale, the slepton mass-squared matrices are proportional to the unit

matrix, and A-terms are zero. These will develop flavor non-universal contributions from

running, originating from the Yukawas, but their presence will not qualitatively change the

picture. For simplicity, we assume that they are subdominant to the tree-level Yukawa

effects.7 This situation naturally holds in low-scale mediation scenarios, such as (general)

gauge mediation.

Given these assumptions, the dominant flavor effects in the soft masses are the left-right

mixing terms induced by (F -term) Yukawa couplings to the Higgs VEVs. Each generation

7 This is the usual situation for the A-terms when tanβ is large. We also note that there may be lepton

flavor-violating contributions from gravity-scale mediation effects, or from running through the see-saw

threshold. We further assume that these are small.
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ẽ−R ẽ−R
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C. Right-Handed Sleptons: Flavor Non-Universal Decays from Left-Right Mixing

A more complete treatment of the decays of RH sleptons includes modes induced by left-

right mixing. Naively, these are only important for staus, but we will show below that one

can easily find spectra where they are also important for smuons. This can lead to highly

flavor non-universal signals with respect to electrons and muons.

To start, we assume that any effects from flavor violation in the soft terms are completely

absent. At the input scale, the slepton mass-squared matrices are proportional to the unit

matrix, and A-terms are zero. These will develop flavor non-universal contributions from

running, originating from the Yukawas, but their presence will not qualitatively change the

picture. For simplicity, we assume that they are subdominant to the tree-level Yukawa

effects.7 This situation naturally holds in low-scale mediation scenarios, such as (general)

gauge mediation.

Given these assumptions, the dominant flavor effects in the soft masses are the left-right

mixing terms induced by (F -term) Yukawa couplings to the Higgs VEVs. Each generation

7 This is the usual situation for the A-terms when tanβ is large. We also note that there may be lepton

flavor-violating contributions from gravity-scale mediation effects, or from running through the see-saw

threshold. We further assume that these are small.
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A. Katz, B. Tweedie, arXiv:0911.4132, arXiv:1003.5664



BSM look-alikes
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• despite starting from different theoretical frameworks, some 
BSM models end up looking the same phenomenologically

• partly this is because they are trying to have the same 
“desirable” features

• while simultaneously getting around the bounds from 
existing data 

•  there are also some deep equivalences between certain 
classes of models, esp. warped extra dimensions models 
and models of new string gauge dynamics (AdS/CFT duality)             



SUSY look-alikes
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• There are lots of look-alikes just among SUSY models themselves

• But there are also non-SUSY frameworks that produce models 
phenomenologically similar to terascale SUSY with conserved R 
parity and neutralino LSPs:

Universal Extra Dimensions (UED) with conserved KK parity

Little Higgs models (LH) with conserved T parity

N. Arkani-Hamed, G. Kane, J. Thaler, L-T Wang,  hep-ph/0512190



SUSY look-alikes
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• There are one or two flat extra dimensions

• They have finite extent of order inverse TeV

• SM particles probe the full 5d (or 6d) bulk, 
but may also have couplings localized on 
the boundaries

• SM particles have heavier Kaluza-Klein 
partners

Universal Extra Dimensions (UED) with conserved KK parity

Appelquist, Cheng, Dobrescu (2000)
Cheng, Matchev, Schmaltz (2002)
Servant, Tait (2002)
B. Dobrescu, D. Hooper, KC Kong, R. 
Mahbubani arXiv:0706:3409
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Figure 2. The spectrum of the first KK level at (a) tree level and (b) one-loop, for

R−1 = 500 GeV, ΛR = 20, mh = 120 GeV, and assuming vanishing boundary terms at the

cut-off scale Λ. (From Ref. [82].)

Fig. 1). The coefficients of the boundary terms are in principle new free parameters of the

theory. The Minimal UED model makes the ansatz that all boundary terms simultaneously

vanish at some high scale Λ > R−1. The boundary terms are then regenerated at lower scales

through RGE running, and lead to additional corrections to the KK mass spectrum [82]. The

resulting one-loop corrected mass spectrum is shown in Fig. 2b. The mass splittings among

the different n = 1 KK modes are now sufficiently large to allow prompt cascade decays to

the lightest KK particle (LKP). For the parameter values shown in the figure, the LKP turns

out to be§ the KK “photon” γ1, although at larger mh the LKP can also be the charged KK

Higgs boson H±
1 [23].

The mass eigenstates of the KK photon γn and the KK Z-boson Zn are mixtures of the

corresponding interaction eigenstates: the KK mode Bn of the hypercharge gauge boson and

the KK mode W 3
n of the neutral SU(2)W gauge boson. The mixing angle θn is obtained by

diagonalizing the mass matrix in the (Bn,W 3
n) basis







n2

R2 +
1
4g

2
1v

2 + δ̂m2
Bn

1
4g1g2v

2

1
4g1g2v

2 n2

R2 +
1
4g

2
2v

2 + δ̂m2
W 3

n





 , (12)

where g1 (g2) is the hypercharge (weak) gauge coupling, v = 246 GeV is the vev of the SM

Higgs boson, and δ̂ represents the total one-loop correction, including both bulk (δ) and

§ Strictly speaking, the true LKP in Fig. 2b is the KK graviton G1 (not shown). However, due to its

extremely weak couplings, G1 is irrelevant for collider phenomenology. For its astrophysical implications,

see [83].
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• A discrete remnant of 5d momentum conservation, KK parity, 
keeps the lightest KK partner (LKP) stable

• The LKP is naturally weakly interacting, a good DM candidate

• e.g. LKP is spin 1 or spin 0 KK partner of the photon

Universal Extra Dimensions (UED) with conserved KK parity

7

Figure 2. The spectrum of the first KK level at (a) tree level and (b) one-loop, for

R−1 = 500 GeV, ΛR = 20, mh = 120 GeV, and assuming vanishing boundary terms at the

cut-off scale Λ. (From Ref. [82].)

Fig. 1). The coefficients of the boundary terms are in principle new free parameters of the

theory. The Minimal UED model makes the ansatz that all boundary terms simultaneously

vanish at some high scale Λ > R−1. The boundary terms are then regenerated at lower scales

through RGE running, and lead to additional corrections to the KK mass spectrum [82]. The

resulting one-loop corrected mass spectrum is shown in Fig. 2b. The mass splittings among

the different n = 1 KK modes are now sufficiently large to allow prompt cascade decays to

the lightest KK particle (LKP). For the parameter values shown in the figure, the LKP turns

out to be§ the KK “photon” γ1, although at larger mh the LKP can also be the charged KK

Higgs boson H±
1 [23].

The mass eigenstates of the KK photon γn and the KK Z-boson Zn are mixtures of the

corresponding interaction eigenstates: the KK mode Bn of the hypercharge gauge boson and

the KK mode W 3
n of the neutral SU(2)W gauge boson. The mixing angle θn is obtained by

diagonalizing the mass matrix in the (Bn,W 3
n) basis
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where g1 (g2) is the hypercharge (weak) gauge coupling, v = 246 GeV is the vev of the SM

Higgs boson, and δ̂ represents the total one-loop correction, including both bulk (δ) and

§ Strictly speaking, the true LKP in Fig. 2b is the KK graviton G1 (not shown). However, due to its

extremely weak couplings, G1 is irrelevant for collider phenomenology. For its astrophysical implications,

see [83].

A. Datta, KC Kong, K. Matchev, arXiv:1002.4624
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• More models! minimal UED extended to “non-minimal” UED, 
“split” UED, with different KK partner spectra

Whatʼs new with UED?

N. Shah and C. Wagner, hep-ph/0608140

KC Kong, S. Park, T. Rizzo, arXiv:1002.0602, arXiv:1004.4635

J. Cembranos, J. Feng, L. Strigari, hep-ph/0612157

T. Flacke, A. Menon, D. Phalen, arXiv:0811.1598
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Figure 2: Sample spectra for UED. (a) The tree level UED spectrum without BLTs (first
KK level) for R−1 = 500 GeV. (b) The tree level UED spectrum with rB = rW = rH =
2R, µb = 0, R−1 = 1 TeV and mh = 115 GeV. Parameters are chosen such that the LKP
masses of both model coincide.

values gY , g2, v is similar to “standard” UED, with πR → πR + 2rEW in the rescaling
of the couplings, but the identification of µ̂ with mh is altered. At the first KK level,
the fermions and gluon have a mass ∼ n/R but the gauge bosons and Higgs masses are
reduced to lower values. Thus R−1 determines the fermion and gluon mass scale, while
rEW can be thought of as parameterizing the mass splitting between the electroweak KK
modes and the fermion and gluon KK modes. In Fig. 2 we show the effect of rEW on the
particle spectrum of UED. Fig. 2(a) corresponds to “standard” UED with R−1 = 0.5 TeV
while Fig. 2(b) corresponds to the uniform rEW scenario with µb = 0, rEW/R = 2 and
R−1 = 1 TeV. In spite of different values of R it is possible to choose rEW/R, such that
the LKP mass is the same in both scenarios.

From the equations of motion and boundary conditions in Sections 4.1, 4.2 and 4.3.1
we can see that for uniform BLKTs the spectrum has the following structure

mZ(1) ≥ ma0(1) > ma±(1) > mγ(1) (45)

mZ(1) > mW±(1) ≥ ma±(1) (46)

m(1)
h > mγ(1) . (47)

Hence, the LKP is always the KK photon or, more precisely, the linear combination
γ(1) = sin(θ(1)

W )B(1) + cos(θ(1)
W )W 3(1), where for uniform rEW the Weinberg angle θ(n)

W at
all KK levels is identical to that of the Standard Model.

As the BLTs do not introduce any extra sources flavor violation and the fermion
KK modes are heavier than in “standard” UED, the UED GIM mechanism [7] implies
weaker flavor constraints. As the Weinberg angle is the same at every KK level, the LKP
can annihilate efficiently through a t-channel W (1) into W+W− even if the KK fermions
are quite heavy. In the limit of very heavy KK fermions, the requirement that the KK
photon does not overclose the universe implies an upper bound on LKP mass of about
1.6 TeV. This bound is a constraint on the LKP mass which can be substantially smaller
than the compactification scale R−1.

The collider constraints and electroweak constraints can be strong in this scenario.
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• More UED dark matter 
candidates! 

• Could be KK partners of Higgs, 
LH neutrinos, RH neutrinos, Z, 
W_3, or the graviton
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• Basic idea: the Higgs is light because it is a PNGB of a big global 
symmetry

• The global symmetry is both spontaneously broken and explicitly 
broken because part of it is gauged to become the (parent of) the 
weak interaction gauge symmetry

• In effect, 1-loop quadratic divergences for the Higgs from SM 
particles are cancelled by loops with heavy SM “partners”

• To avoid problems with electroweak precision data, assume 
partners for all SM particles (more for the top) and that the 
partners are odd under some discrete “T parity”

• The LTP is a dark matter candidate...

Little Higgs models (LH) with conserved T parity

Reviews: M. Schmaltz and D. Tucker-Smith, hep-ph/0502182
M. Perelstein, hep-ph/0512128
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• At the 2011 Brookhaven Forum, B. Heinemann and R. Erbacher 
announce that ATLAS and CMS have >5 sigma signals in their 
inclusive missing energy searches

• How are you going to figure out that this is SUSY (what kind of 
SUSY?), Universal Extra Dimensions, Little Higgs, or something else?

• What is our strategy to disambiguate missing energy look-alikes?
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First questions for a missing energy signal:

• How many invisible particles per event?

• Are they heavy or light?

• Are they associated with top, W, or Z decays?

• How many kinds of parent particles?

• How many kinds of decay chains?

We should be able to answer such questions 
around the time of discovery



Missing energy look-alikes at the LHC

31

Eventually we want direct determinations of masses, charges, 
and spins, without inputing (BSM) theoretical assumptions

• Assuming you did a good job answering the questions on the 
previous slide, can use clever kinematic methods to do almost-model-
independent mass determinations

• Charge determinations are not trivial, but at least some can be done 
(e.g. color octet versus color triplet versus color singlet)

• Direct spin and CP measurements are hard!

• Need to pin down topologies, decay chains, charges and masses 
first, then analyze lots and lots of data...

We should be able to get most of this done in ~ a decade
See e.g. O. Gedalia, S. Lee, G. Perez, arXiv:0901.4438

L-T Wang, I. Yavin, arXiv:0802.2726

P. Konar, KC Kong, K. Matchev, M. Park, arXiv:0911.4126

A. Barr, C. Lester, arXiv:1004.2732
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Model-dependent analysis:

Christopher Rogan - Moriond EWK 2010 42

Example: 0+ vs. 0-

Neyman-Pearson (NP) simple hypothesis test Risk of the 1st type:

Risk of the 2nd type:

Power of the test:

• Post-discovery you would like to quickly collapse the vast 
theory space of BSM models down to something managable

• An efficient method is simple hypothesis testing based on 
likelihood ratios based on matrix elements of benchmark BSM 
model lines 

• This amounts to discriminating                                                    
based on non-trivial functions of                                                    
spins, charges, and masses

• Doesnʼt necessarily require lots of                                                    
data or fancy precision analysis
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SUSY (pMSSM with R parity) versus Little Higgs with T Parity

Jay Hubisz et al.: Missing energy look-alikes with 100 pb−1 at the LHC 33

don’t match: the ratio r(4j)(3j) is almost twice as large
for CS7 as for the “data”, a 4σ discrepancy with 100
pb−1.

Figures 27 and 28 demonstrate the robustness of
these results, by showing the breakdown of the exper-
imental and theoretical uncertainties for the relevant
ratios. With the exception of r(4j)(3j), the uncertain-
ties on all of the ratios that we have been discussing
are completely dominated by the low statistics of our
small “data” sample. Thus, for example, doubling the
pdf uncertainties would not alter any of the conclu-
sions reached above.

It seems unlikely that our SUSY diehard can fix
up a SUSY candidate to falsely explain the non-SUSY
“data”, while surviving the scrutiny of our look-alike
analysis. This applies even for small data sets on the
order of a few hundred inverse picobarns. The key ob-
servation is that although SUSY models have many
adjustable parameters, the number of adjustable pa-
rameters relevant to this look-alike analysis is small
compared to the number of robust discriminators.

LH2 vs. NM4 [100 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 4.87
r(mT2-400) 0.44 0.21 4.84
r(mT2-300) 0.75 0.54 3.49
r(Meff1400) 0.11 0.25 2.99
r(mT2-500/300) 0.21 0.09 2.98
r(M1400) 0.07 0.19 2.69
r(mT2-400/300) 0.58 0.40 2.48
r(HT900) 0.13 0.24 2.34
r(MET420) 0.48 0.37 2.00
r(mT2-500/400) 0.36 0.22 1.47

Table 21. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.

9 Discussion and outlook

We have presented a concrete strategy for determining
the underlying theory model of an early missing energy
discovery at the LHC. Applying this look-alike analy-
sis to a realistic simulation, we were able to distinguish
a non-SUSY model from its SUSY look-alikes essen-
tially at the moment of discovery, with little more than
100 pb−1 of integrated luminosity. In 23 of 26 pair-
wise comparisons, mostly SUSY with SUSY, we were
able to discriminate look-alikes at better than 5σ sig-
nificance with at least one robust observable and 1000
pb−1 or less of integrated luminosity. Even in the three
cases with the worst discrimination we found strong
hints of the key properties of the underlying model;

LH2 vs. CS7 [100 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 6.68
r(MET420) 0.48 0.20 6.49
r(MET520) 0.21 0.07 5.06
r(MET320) 0.78 0.53 4.29
r(mT2-500/300) 0.32 0.12 4.24
r(4j)(3j) 0.36 0.61 4.04
r(mT2-400) 0.63 0.40 4.00
r(mT2-300) 0.85 0.62 3.55
r(mT2-500/400) 0.43 0.19 3.52
r(Hem1) 0.79 0.63 2.59

Table 22. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 100 pb−1.
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Fig. 27. Breakdown of estimated uncertainties for dis-
criminating ratios with 100 pb−1, in the comparison of
look-alike models LH2 and NM4, with LH2 treated as the
“data”.

these would be confirmed with more data and/or by
our improving the look-alike analysis.

One surprise of our study (at least to us) was the
sensitivity and robustness of the ratios based on the
stransverse mass mT2. Keep in mind that we did not
apply the mT2 distributions to their originally intended
use i.e. extracting masses from endpoints and kinks,
and we applied our mT2 ratios to data sets 100 times
smaller than used in previous studies. Nevertheless we
found that the mT2 ratios are among our best dis-
criminators. One of the most important features of the
mT2 ratios is that to first approximation they do not
depend on the spins of the parent particles. Since ra-
tios based on more traditional kinematic distributions
like HT and Meff have a large dependence on the spins
of the parent particles, comparing mT2 ratios to these
ratios is a powerful discriminator for spin.
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LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52

DiJet

r(mT2-400) 0.32 0.12 7.89
r(mT2-300) 0.64 0.32 7.79
r(DiJet) 0.11 0.22 5.94

TriJet

r(mT2-300) 0.62 0.19 10.96
r(mT2-400) 0.34 0.07 10.91
r(TriJet) 0.06 0.15 5.94

Muon20

r(mT2-400) 0.38 0.14 5.03
r(mT2-300) 0.72 0.42 4.30
r(Meff1400) 0.10 0.34 3.50

Table 35. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. NM4 [1000 pb−1]

Variable LH2 NM4 Separation

MET

r(mT2-500) 0.16 0.05 14.11
r(mT2-400) 0.44 0.21 11.13
r(mT2-500/300) 0.21 0.09 8.52
r(Meff1400) 0.11 0.25 7.24
r(M1400) 0.07 0.19 6.57
r(mT2-300) 0.75 0.54 6.26
r(mT2-400/300) 0.58 0.40 5.77
r(HT900) 0.13 0.24 5.67
r(M1800) 0.02 0.07 4.82
r(MET420) 0.48 0.37 4.32

Table 36. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.NM4, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

for NM4 represented by r(Meff1400), r(M1400) and
r(HT900) are all too hard, with > 5σ significance.

The other impressive feature of these tables is that
with 1000 pb−1 we acquire several highly discriminat-
ing ratios in the DiJet and TriJet boxes. With real data
this would provide an impressive redundancy of cross-
checks, still within the original design of our look-alike
analysis.

The large number of independent highly discrimi-
nating robust ratios seen here provide a powerful tool
to resolve SUSY look-alikes from non-SUSY look-alikes.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49

DiJet

r(4j)(3j) 0.20 0.67 7.30
r(mT2-300) 0.72 0.31 6.73
r(mT2-400) 0.53 0.22 6.26

TriJet

r(mT2-500) 0.20 0.04 8.83
r(mT2-300) 0.68 0.32 7.43
r(mT2-400) 0.53 0.22 7.18

Muon20

r(mT2-300) 0.84 0.35 1.57
r(mT2-400) 0.60 0.24 1.32

Table 37. Best discriminating ratios in each trigger box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

LH2 vs. CS7 [1000 pb−1]

Variable LH2 CS7 Separation

MET

r(mT2-500) 0.27 0.08 18.87
r(MET420) 0.48 0.20 16.73
r(MET520) 0.21 0.07 14.49
r(mT2-600) 0.05 0.01 14.11
r(mT2-500/300) 0.32 0.12 11.17
r(mT2-500/400) 0.43 0.19 9.77
r(mT2-600/300) 0.06 0.01 9.77
r(mT2-400) 0.63 0.40 8.46
r(MET320) 0.78 0.53 8.17

Table 38. Best discriminating ratios in the MET box,
with separations in units of σ, for the comparison of LH2
vs.CS7, taking LH2 as the “data”, assuming an integrated
luminosity of 1000 pb−1.

C Comparison of squark production with
heavy quark production

C.1 smuon production versus muon production

Let’s compare the QED processes e+e− → µ+µ− and
e+e− → µ̃R

¯̃µR. We will use the conventions and no-
tation of Peskin and Schroeder (PS) [84], and work in
the approximation that the electron and positron are
massless. In this notation p and p′ denote the incom-
ing 4-momenta of the electron and positron, while k
and k′ denote the outgoing 4-momenta of the muons
or smuons. The photon 4-momentum is denoted by
q = p+p′. We will use m interchangably to denote the
mass of the muon or smuon.

J. Hubisz, J. L., M. Pierini, M. Spiropulu,  arXiv:0805.2398

G. Hallenbeck, M. Perelstein, C. Spethmann, J. Thom, J. Vaughn,  arXiv:0812.3135



Conclusion

• The LHC will (we hope) discover something

• We have powerful tools to figure out the identity of what we find

• Most of this does not require 1 ab-1 or an ILC, but it will require     
(i) more work to get ready, (ii) multi-channel searches, (iii) luck
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